m 

Q 
liij 



f M \ THREE DIMENSIONAL IMAGING SYSTEM 

/ AS A}? 

™s invention relates to an optica] system for producing multiple images of an object field, in 
which at least two images are produced simultaneously under different imaging conditions. 
The invention has applicability in fields including optical infozmation storage, in vivo 
microscopy, ophthalmic optics, wavefroni analysis and the imaging of three-dimensional 
object fields. 

The use of a cHfifraciion grating combined with an imaging lens to produce identical images 
of an object field in several diffraction orders is known. Phase^nly gratings, amplitude-only 
gratings and phase and amplitude gratings may be used to change the fraction of the energy in 
each diffraction order and thus to vary the relative brighmess of each identical image. 

US4849825 and US5278817 both describe optical pick up systems for an optical disksy&tem 
having a diffractive clement to produce separate images. US5278817 uses the two im^es for 
tracking and focus control. US44671S8 describes a beam splitter for producing multiiflB 
images and subjecting each to a different optical path length. 



lly The imaging of a three-dimensional object using a *fiuimgh-focal series' is also known. By 

f J this method a sequence of images of the object are taken with the optical system fbcusedion 

y different planes in the object field. An altemative qiproach forms simultaneously a matidsc of 

images recorded througji a mauix of lenses, each of wluch provides a diffnent focus 

condition. 

A disadvantage of the 'through-focal series* is that because the images axe lecondad 
sequentially it is not suited to imaging the three-dimensional structure of dynamic processes. 
A disadvantage of the second approach is its complex design and that the resolution obtained 
is limited to the resolution dcMvered by the individual lenses in the array, the diameter of 
each of which (thus image resolution) is constrained by the space into which the array may be 
packed. 

International patent application PCT 99/0065 8 describes another three-dimensional imaging 
system. However, a disadvantage of that system is thai the optical transfer functions 
appropriate to the images formed in difiraction orders located symmetrically with respect to 
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In a high performance, near diffvaction limited optical system such as a compKt gftsA- jfag iwr 
P all sources of wavefrom abexrations must be considered. In a standard contact ^<Jk t libe data 
layer is covered with a substrate several hundred microns thick, nropo^tion of tlirough 
this substrate (which is essentially a parallel plate) introduces spherical aberratteiEi, incieasing 
the $pot size on the data layer and degrading resolution. This eika is overcome m 
conventional, single layer, compact disk systmis by building sphcoical aberration correction 
into the objective lens. 
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the undiffiacted beam must suffer equal and opposite distortions compared to the beam in the 
zero order. 

The storage of data in three dimensional, opdcaDy readable, storage media is also known (S 
Jutamulia and G M Stori, 'Three-Dimensional Optical Digital Memory*. Optoelectronics - 

Devices and Technologies Vol 10, No. 3, pp343-360, 1995 and K Kobayashi and S S Kano. 
'Multi-Layered Optical Storage with Nonlinear ReadA^Trite', Optical Review, Vol 2, No 1. 
pp20-23, J995). These pqieis review the media and architecture for various three 
dimensicmal optical memories. 




In a multi-layer optical data storage medium Uie degree of sphcadcal aflmradcm is dependent 
on the depth of the data layer below the surface, hence when leading £nom eado (distinct layer 
a difTerem level of spheiical abeixadon correction is lequiied. An abcfrati omoanrected 
objective lens is therefore not sufficienL Several patents on multi-layer optical ««at» storage 
systetgs. which rely on a moving lens to focus at different depths, have suggested wsqs dF 
M perfoiming 'active' spherieal aberration coixecdon. US 5202875 sugge^ using a stepped 

n^^T^'*' block of substrate material which is moved across die optical beam (using a voice aril motor) 
to a position dependent on the layer being read, sudi that the thickness of material that the 
beam passes through is constant. Other suggestions include a pair of prisms, one of which is 
translated, a rotating disk of variable thickness and movable compensation plates. 

All of these approaches innoduce additional moving parts and complexity into die system. 

According to this invention. An apparams for producing simultaneously a plurality of 
spatially s^arated images comprising: an optical system arranged to pnxluce an image 
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associated with a fiist optical transfer function; a diffraction grating ananged to produce, in 
concert with the optical system, images associated with each diffciction order, ancillary 
optical modules cq)erating on individual difEracdon orders and means for detecting the 
images, wherein the optical system and diffiracdon gradng are located on an optical axis the 
diffraction grating is located in a suitable grating plane and the ancillary optical modules 
modify the optical transfer functions associated with the images characterised in that the 
optical system and diffraction grating are arranged such that a plurality of object planes are 
imaged and each image associated with a diffraction order cciresponds to a different object 
plane.. 

The invention utilises a single lens or multiple lens system with a diffraction grating and 
ancillary optical modules to produce simultaneously a set of ima^ of the object field in 
which each image in the set can corre^nd to an image of die object field recorded under 
different focus conditions but in which the full diameto' of the lens system is explcnted in 
each image in the set. For each image in the set, die fiill resolution and de^ of fidd of the 
imaging means is exploited. 

The ancillazy optical modules contain optical elements Mrhich may also produce cEQerent 
amounts of spherical aberration in each diffraction order. This could be used to oonrect for 
spherical aberration in the associated optical system. 

The grating used can be a single diffraction grating or a series of such grating The gratings 
used may be produced by computer-generated (digitised in space and/or In ampUude) or by 
analogue (e.g. interferometric) means. 

The present invention allows for tiie optical transfer functions appropriate to tfie images 
formed in different diffraction orders to be independent of, identical widi or conelaied to the 
distortions ^licable to any other diffraction order. 

In tile following descriptions detector means a detection means comprising a spatially- 
resolving system such as a pixeUaied array of detector elements e.g. a charge coupled device 
(CCD). For 
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applications where detection of the presence or absence of unresolved targets is required, the 
detector may comprise suitably-positioned, isolated detector elements. 



The invention will now be described with reference to the following figures in which: 

figure 1(a) shows schematically an amplitude-only diffraction grating and figure 1(b) shows the 
normalised intensity cross-section of the zero, +1 and -1 diffraction order images of a point 
source produced when such a grating is used in an imaging system; 



single object. 

figure 3 shows schematically the use of ancillary optical modules within each diffraction order of 
the optica] system of figtire 1 . 

figure 4 shows schematically a simple imaging system of the current invention used to produce 
in-focus images of different object planes at a single detector plane; 

figure 5 shows schematically a simple imaging system of the current invention used to produce 
in-focus images of different object planes within an optical storage medium at different detector 
planes; 

figure 6 shows schematically a simple imaging system of the current invention used to produce 
in-focus images of different object planes within an optical storage medium at a single detector 
plane. 




figure 2 shows schematically the use of a diffraction grating to produce multiple images of a 
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Although the following examples relate to application of the invention in the field of optics, this 
should not be seen as hmiting as the general principles of the invention are applicable to other 
wavelengths of electromagnetic radiation. 



Location of Components 

A suitable grating plane would be any plane in which the beam cross-section spans at least 3 
periods of the grating. The ancillary optical modules can be placed anywhere after the diffraction 
grating with the condition that each ancillary optical module intersects and operates on only one 
of the diffracted orders. 



Diffraction Grating 

A standard diffraction grating consists of alternate regularly spaced suips of different 
^ transmissivity, reflectivity or optical thickness. When the grating is used within an imaging 
C system, multiple diffraction orders appear in the image plane in addition to the imscattered zero 

order. Each diffraction order contains the same information about the object field as the zero 
ij order, though with different levels of intensity dependent on details of the grating construction. 

y 

Figure 1 shows, as an example, an amplitude grating and the images of a point object formed in 
□ the— 1, 0 and + 1 dif&action orders, (each order normalised to unit intensity) 



Phase Gratings 

If an amplitude grating is used the zero order is always brighter than the +1, -1 and higher 
diffraction orders. The distribution of energy can be adjusted using a phase grating with two 
phase levels. For example, a phase step of n radians can completely eliminate the zero order, 
whilst putting more power into the +1 and —1 orders, or the phase step can be adjusted to 0.63971 
to place equal power into the 0, +1 and -1 orders. With crossed gratings the use of more phase 
steps or combined amplitude and phase gratings can be used to adjust the intensities of the 
multiple dif&action orders. 
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The Invention 

Referring to figure 2, an optical system (1). which may comprise a single lens or a multiple lens 
system, is designed to produce an in-focus image of an object (2) on the optical axis (3) in the 
normal focal plane. A diffraction grating (4) which is added to the optical system (1 ) produces 
additional images of the object (2) in the normal focal plane in its non-zero diffraction orders (+1 
and —1 shown). The diffraction grating is here being used as a beam splitter.O 



Referring to figure 3, ancillary optical modules (5, 6 and 7) are introduced into each diffraction 
order, such that each module acts to modify the optical transfer function (OTF) associated with a 
single diffraction order. Each ancillary optical module may modify the OTP in a different way 
and may consist of one or more lenses or other optical components. One or more diffraction 
orders may not contain an ancillary optical module. 



Use of Defocus-Onlv Ancillary Optical Modules 

If the ancillary optical modules modify the OTF associated with each diffraction order such that 
each order undergoes an additional degree of defocus, then the images of the object (2) will occur 
in a different image plane in each diffraction order (figure 3). The position of the image plane in 
each dif&action order is determined by the properties of the optical system (1) and the ancillary 
optical module that intercepts light scattered into the diffraction order. An example of an optical 
element that will produce an additional degree of defocus is a lens. 



The function of the optical arrangement shown in figure 3 can be considered in a different way, 
as shown in figure 4, where a single detector plane (8) is considered. Ancillary defocus-only 
optical modules (5, 6 and 7) are placed in the -1, 0 and +1 dif3&acted beams, such that the three 
images fomied in each diffraction order at the detector plane (8) correspond to in-focus images of 
three different object planes 9, 1 0 and 1 1. The zero order will be the sum of the out-of-focus 
images of objects 9 and 11 and an in-focus image of object 10. If the degree of defocus is 
sufficient, a good image of object 1 0 will result. Similarly, objects 9 and 1 1 are discernible in the 
+1 and -I diffraction orders. The system therefore generates, side-by-side, simultaneous images 
of three different object planes at a single detector plane. The separation of the object planes can 
be arbitrarily controlled through choice of suitable ancillary optical modules. 
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Use of Spherical Aberration Ancillary Optical Modules 

The ancillaxy optical modules can be designed to modify theOTF associated with each 
diflraction order such that each order undergoes an additional degree of spherical aberration 
(SA). An example of an optical element that will produce an additional degree of S A in a 
converging beam is a plane-parallel glass plate (J Braat, 'Analytical expressions for the wave- 
front aberration coefficients of a tilted plan-parallel plate\ Applied Optics. Vol.36, No.32, 
8459,1998). 



Referring to figure 5, the optical system (1) and diffraction grating (4) can be used to image 
different object planes (9, 10 and 1 1) onto detectors (1-2, 13 and 14) in different image planes. 
When the different object planes are within a substrate (15), SA is introduced by the propagation 
of light through the substrate, to a degree dependent on the thickness of substrate above each 
plane. This SA degrades the images to a different extent in each diffraction order. Ancillary 
spherical aberration-only optical modules (5, 6 and 7) can be used in each diffraction order to 
correct for the SA introduced by the substrate, allowing diffraction limited imaging of multiple 
object planes simultaneously, with the different detectors. 



This technique can be used to read from multi-layer optical data storage media. Referring to 
figure 5, the storage mediimi 15 now comprises discrete optically readable planes 9, 10 and 1 1 
having individual data storage elements (not shown) located thereon and is illimiinated by means 
not shown. The elements could, for example, be an area of the plane in which a hole or pit is 
used to designate a logical 1 and the absence of a hole or pit is used to designate a logical 0. 
However, this example is not limiting: other embodiments are known to, or would be obvious to, 
persons skilled in the art including multi-level systems in which the elements may exist in more 
than the two states of a binary system. 

The data storage elements are imaged simultaneously at detectors 12, 13 and 14. The detectors 
are capable of producing a signal dependent on the state of the storage element and could be a 
photodiode or a photo transistor. Ancillary optical modules 5, 6 and 7 are designed to correct for 
the spherical aberration associated with each data layer producing images of diflEraction limited 
size on the detectors* 
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The optical system 1 may be designed to correct for the spherical aberration associated with one 
data layer in the storage medium. In this case, the diffraction order imaging that layer would not 
require ancillary SA correction optics. Optical modules in other orders would be designed such 
that the combination of SA correction introduced by the optical system (I) and by the ancillary 
optical modules (5, 6 and 7) would correct for SA introduced by the substrate. 



In order to facilitate interrogation of different data elements within each plane, the apparatus 
includes means (not shown) for effecting relative movement, in a direction perpendicular to 
optical axis, between the storage medium 15 and the rest of the apparatus. Such means might 
comprise an electromechanical arrangement known to a person skilled in the art. 



Use of Defocus and Spherical Aberration Ancillary optical modules. 

By combining defocus and spherical aberration functions into each ancillary optical module (for 
example using a lens and parallel plate combination) multiple object layers can be imaged 
simultaneously onto a single image plane with automatic spherical aberration correction for each 
object layer. 



For example, in figure 6, the ancillary optical modules (5, 6 and 7) combine SA correction and 
defocus correction such that the images of each data layer ( 9, 1 0 and 11 ) are formed in the same 
image plane. The data storage elements are imaged simultaneously at detectors 12, 13 and 14, 
which are in the same plane. The ancillary optical modules simultaneously correct for the 
spherical aberration associated with each data layer producing images of dif&action limited size 
in the detector plane. 
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